ARIANTS of multi-carrier orthogonal frequency division multiplexing (M c -OFDM, including M c -CDMA) have been successfully introduced in the 802.11a and g (WiFi) WLAN standards, as well as in broadband wireless access standards such as 802. 16-2004 (WiMax). The success of these spectrally efficient modulation schemes have spawned the idea of extending their application to next generation single carrier wireless cellular systems, that have traditionally been based on 2.5G and 3G WCDMA modulation standards.
M c -OFDM-related modulation schemes exhibit over existing 3G single-carrier UMTS and cdma-2000 modulation standards, are however hampered by the weak power efficiency of the former schemes, as manifested by their high peak-toaverage power ratios (PAPR), as well as their sensitivity to mobility and fast fading. The high OFDM PAPR requires power amplifier (PA) back-offs of typically 6 to 9 dBs to prevent signal amplitude saturation and corresponding spectral regrowth [1] , [2] resulting in limited communication range due to inefficient utilization of available handset battery power. The OFDM performance and power inefficiency is further jeopardized by the use of M-ary quadrature amplitude modulation (M-QAM) of individual orthogonal subcarriers in an effort to achieve improved spectral efficiency [3] . The performance degradation due to the use of these modulation schemes cannot be neutralized or improved without the inclusion of sophisticated forward error correction (FEC) and/or PAPR control coding mechanisms. This paper proposes an alternative low-complexity upwards-expandable generic single carrier (M c =1) QS-4D-SO-WCDMA modulation scheme with the potential to overcome the PAPR problems (even with M D ≥ 4 dimensions), while achieving significant BER performance gains which are QPSK-like, compared to single carrier and M c -OFDM and M c -CDMA M-QAM modulation standards [4] . The BER performances of the latter systems degrade significantly compared to QPSK when the number of signal levels (or symbols) increases beyond M L = 4 (or M = 16).
The outline of the rest of the paper is as follows: The transmitter and receiver architectures of the new quasisynchronous multi-code multi-dimensional super-orthogonal WCDMA (QS-MC-MD-SO-WCDMA) modulation technique are described in section II. This is followed by a theoretical analysis of the BER performance of the proposed system in both AWGN and multipath Rician/Rayleigh fading channel conditions in Section III, with and without the presence of a complex RAKE multipath combiner in the receiver. A conclusion of the primary findings of this research project is finally given in Section IV, followed by a list of references cited during this project. 
II. QUASI-SYNCHRONOUS MULTI-CODE MULTI-DIMENSIONAL SUPER-ORTHOGONAL WCDMA
The new QS-4D-SO-WCDMA modem building block, depicted in Fig. 1 , and the use of unique extended families of root-of-unity-filtered (RUF) [5] constant-envelope generalized chirp-like [6] complex spreading sequences (CE-GCL-CSS), exhibiting zero periodic cross-correlation (ZCC) values for all relative time shifts τ [7] - [9] (henceforth referred to as superorthogonal (SO) sequences), together render a novel minimum (Nyquist) bandwidth near constant envelope (or instantaneous power) output signal, while simultaneously facilitating multiuser-interference (MUI) free detection, even in the presence of rapidly varying multipath fading channel conditions [10] . This enables the use of significantly simplified correlationtype receiver structures without the need for complex MUIcancellation mechanisms or sophisticated PAPR control measures normally required for M c -OFDM-based systems. Whereas OFDMA schemes achieves multi-dimensionality and improved spectral efficiency (in bits/s/Hz) via a fixed set of M c mutually orthogonal quadrature subcarriers and M-QAM modulation per subcarrier, single carrier QS-4D-SO-WCDMA achieves multi-dimensionality and improved spectral efficiency through a multi-code MLM modulation approach, comprising the superposition of combinations of the point-bypoint orthogonal real and imaginary parts 1 of sets of RUF SO-CE-GCL-CSS of length L chips, and the quadrature components of a carrier, which are individually binary phase and frequency, and optionally, also code-position-modulated (CPM), by independent sets of four (or more) parallel binary symbol streams per CSS.
The proposed new spectrally and power efficient families of SO-CE-GCL-CSS are derived from the zero-cross-correlation (ZCC) sequences proposed in [8] , by applying a non-linear root-of-unity-filtering technique presented in [5] . In fact, by applying the RUF-process to any GCL family of sequences, a novel near constant-envelope (CE) minimum (Nyquist) bandwidth family is produced which retains the unique correlation properties of the family it was derived from [8] . The use of the new families of SO-CE-GCL-CSS requires a synchronous or at least a quasi-synchronous communication scenario in both the down-and up-links of the wireless access system. The accuracy of the synchronisation system and the maximum delay spread that can be tolerated are primarily functions of the cell size and the geometry of the environment that affects the RF propagation characteristics. The maximum allowable delay or multipath spread that can be accommodated in an operational environment is determined by the char-acteristics of the periodic auto-correlation function (PACF) of the proposed new family of spreading sequences [7] - [9] and is typically limited to a few (say 10 to 20) chips of the spreading sequences employed. 1 The real and imaginary components of each RUF CE-GCL-CSS are in fact Hilbert transforms of one-another 
A. MD-SO-WCDMA Modem Transmitter Description
. This is achieved while maintaining a QPSK-like BER performance, i.e., with significant SNR advantages compared to M-QAM modulated single carrier and M C -WCDMA modulation schemes for a given BER-performance, as will be illustrated in section III A (with specific reference to Table 1 ).
B. MD-SO-WCDMA Modem Receiver
A block diagram of the corresponding basic QS-4D-SO-WCDMA matched filter (integrate-and dump) receiver is depicted in Fig. 2 . 
The received signal, r(t), is split into two branches, quadrature carrier demodulated and low-pass filtered to remove double frequency carrier components. The resultant demodulated in-phase w 1 (t) and quadrature-phase w 2 Fig. 1 . Also note the simplicity of the basic QS-4D-SO-WCDMA receiver, and particularly the absence of a complex MUI-cancellation device as a result of the use of families of SO-CE-GCL-CSS in the spreading process. More attention may therefore be focused on synchronization and the incorporation of a complex RAKE processor to exploit any form of inherent multipath diversity in the received WCDMA signal r(t). Details of the latter processor may be found in [18] .
Perfect carrier and symbol timing recovery is assumed in this paper -details of the high-performance carrier synchronization and the complex code-lock-loop (CCLL) have been described in detail in [11] and will not be elaborated on here.
III. QS MULTI-CODE MD-SO-WCDMA MODEM PERFORMANCE ANALYSIS

A. BER Performance in AWGN
It will now be demonstrated that the uncoded AWGN BER performance of the proposed MD-SO-WCDMA configuration remains BPSK/QPSK-like with increasing dimensions M D , by virtue of the perfect periodic cross-correlation (PCC) properties amongst the spreading sequences of the family proposed in [8] .
Let M L denote the number of symbol levels per dimension, M D . In the following discussion, it is also assumed that both the spreading bandwidth and the spreading sequence length L are fixed. The WCDMA processing gain (PG) is defined as the ratio of the chip rate to the symbol rate. Then, the total number of symbols M and the corresponding number of bits per symbol K is given by
The subsequent analysis is based on the fact that, in general, the MD-SO-WCDMA signal constellation is a M Ddimensional hypercube centered on the origin of the signal space spanned by an orthonormal base, such as the one defined in (1) [12] . In fact, with M D =4 and M L =2, the It is well known from [13] that the correlation ρ r amongst all adjacent pairs of symbols in the M D -dimensional hypercube signal space is given by:
Furthermore, using (3), the Euclidean distance between nearest-neighbour symbols can be shown to be:
Since the symbol energy equals E s =M D 4 , and the symbol error rate (SER) of the MD-SO-WCDMA modulation scheme in AWGN is approximated by [12] , [13] :
where P 2 denotes the pair-wise symbol error between adjacent (nearest-neighbour) symbols at distance d, given by:
with d defined in (4). In (6) , N 0 denotes the one-sided noise power spectral density, and Q the well known Gauss tail probability, defined as 
By virtue of the Gray bit-encoding of nearest-neighbour symbols, the bit error rate (BER) in AWGN is well approximated by
Note that (8) , the only requirement being that a set of superorthogonal CSS be employed, such as the family presented in [8] , or the extended-orthogonal (EO) sequences proposed in [14] . The primary implication of this is that the overall data throughput rate, and thus, the spectral efficiency (given a fixed spreading bandwidth), may be doubled (compared to QPSK) for every doubling of the number of dimensions, M D =4. Moreover, the latter may be achieved by simply adding basic M D =4-dimensional SO-WCDMA building blocks in parallel, using one new distinct CSS for each new set of M D =4 dimensions, the only limitation being the available family size M F (i.e., the number of available CSS in a given set of SO-CSS). The resulting composite multi-code (MC) modulator is called a MC-MD-SO-WCDMA modem. Consequently, upwards-expandability of the basic generic 4D-SO-WCDMA modulator may be achieved, while maintaining QPSK-like BER performance in AWGN as the data throughput linearly increases (doubles) with the addition of each new set of M D =4 dimensions and one additional new CSS from the family of GCL-SO-CSS for each quadruple increase of dimensions.
Equation (8) A performance comparison between QS-MD-SO-WCDMA and M-QAM modulated WCDMA modulation schemes is presented in Table 1. The table lists 
B. BER performance analysis in a Nakagami-fading multipath channel
It can be shown that the theoretical BER for uncoded QS-4D-SO-WCDMA (without CPM) in a Rayleigh fading multipath channel with L m independent paths, with or without an adaptive RAKE receiver with L r = L m active taps, is given by [7] The variable p is a positive real number, such that 1/p gives an indication of the "fading figure" of the channel [16] . Fig. 4 depicts the uncoded performance of the said QS-MD-SO-WCDMA modulators with M D =4 to M D =20 in an exponentially-weighted three-path channel consisting of an initial Rician fading path, followed by two smaller exponentially weighted independently Rayleigh fading paths, without a complex RAKE processor in the receiver. The results are obtained for k=1 to 5 (maximum 7) simultaneous 4D users (i.e., the equivalent of a maximum of 28 BPSK users), with spreading sequences allocated from families of SO-CE-GCL-CSS [7] of length L=63. Details of the experimental setup, and particularly the fading multipath channel, may be found in [18] . The BER-graphs for the AWGN and flat Rayleigh fading channels are also depicted, representing lower and upper performance bounds, respectively. Using the MUI-free family of CSS, results in an approximate 13 to 14 dB performance advantage over a single-user flat fading system, and a performance loss of only approximately 3.5 dB compared to the single-user AWGN bound at a BER of P b =10 -3 , signifying a virtually MUI-free receiver. Also note that there is a small deterioration in BER with an increase in the number of users for average signal-to-noise ratio per bit values exceeding E b /N o =10 dB, i.e., for BER values below 10 . This asymptotic error rate plateau phenomenon may be attributed to the presence of multipath and the absence of a RAKE multipath combining processor in the receiver, as is verified by the results presented in Fig. 5 . Fig. 5 repeats the foregoing analysis on RUF families of CE-GCL Zadoff-Chu (ZC) [15] and SO-CE-GCL-CSS [8] spreading sequences, respectively, with the presence of a complex L r =3-finger RAKE processor in the receiver [18] . The theoretical BER graph obtained from (9) is also included for references purposes. The performance degradation of the non-ideal (i.e., not perfectly orthogonal) system employing ZC CE-GCL-CSS [15] , compared to the essentially MUI-free performance of the modem with multiple users using spreading sequences from the family of SO-CE-GCL-CSS, is immediately evident. This degradation is attributed to the cross-correlation interference between users employing CSS from a family of non-super-orthogonal RUF Zadoff-Chu CE-CSS of length L=63, causing substantial MUI. Compared to the corresponding results in Fig. 4 , it is noted that the incorporation of a complex RAKE processor has clearly reduced the BER degradation (spread) as a result of an increase in the number of users, as well as at least partly eradicated some of the asymptotic BER error rate plateau phenomenon observed in Fig. 4 for E b /N o beyond 10 dB and P b below 10 -3
. The latter graph corresponds very well with the theoretical result defined in (9), the simulated results being within 1 dB of theory [7] , [17] , [18] . The use of SO-CE-GCL-CSS therefore practically obviates the need for sophisticated MUI-cancellation techniques in the proposed new 4D-SO-WCDMA modem, yielding a significantly simplified receiver and a suitable platform on which notable performance gains can be achieved through the incorporation of appropriate forward error (FEC) correction techniques.
IV. CONCLUSION
A novel high performance power and spectrally efficient single carrier QS-4D-SO-WCDMA modem building block has been presented as an alternative to M-QAM single carrier and multi-carrier modulated OFDM and CDMA modulation standards employed in 3G or to be employed in next generation (4G) wireless access systems. It has been shown in [16] that the proposed QS-MD-SO-WCDMA modem can operate close to the 1dB PA saturation point, with typically 3 to 6 dB less PA back-off than existing M-QAM modulated M c -OFDM and M c -CDMA modulation schemes. This signifies a notable communication range advantage, or alternatively, significantly improved handset battery life for a given performance level and range compared to existing methods. Notable MUI-free BER performance advantages have been demonstrated using a family of SO-CE-GCL-CSS [8] , compared to conventional (Zadoff-Chu) CE-GCL-CSS [15] , in both AWGN (Fig. 3) and multipath fading channels (Figs. 4 and 5), with and without RAKE maximum ratio combining (MRC). The MUI-free advantages are achieved with a lowcomplexity matched filter correlation-type receiver, without the need for complex MUI-mechanisms, but with the possible inclusion of RAKE MRC processing to exploit the presence of inherent multipath diversity, as well as appropriate FEC techniques to yield performance gains approaching the singleuser and even the Shannon bound.
The combination of the proposed new MD-WCDMA architecture with families of SO-CE-GCL-CSS renders a unique combination of spectral occupancy (i.e., minimum Nyquist bandwidth) and exceptional power efficiency by virtue of the near constant envelope (i.e., near constant instantaneous power) output signal, with data throughputs increasing with the addition of every basic 4D-WCDMA building block at the rate of N D , where N D denotes the number of 4D modulators in parallel, while simultaneously maintaining the BER performance of BPSK/QPSK in both AWGN and Rayleigh fading multipath channels. The virtues of the proposed new MD-SO-WCDMA modulation schemes thus make it an attractive alternative for next generation wireless access and WLAN applications. Theory (eq. (9)) 1 user, AWGN, no RAKE 1 user, CE-GCL, RAKE 4 users, CE-GCL, RAKE 7 users, CE-GCL, RAKE 1 user, SO-CE-GCL, RAKE 4 users, SO-CE-GCL, RAKE 7 users, SO-CE-GCL, RAKE (9) are included for reference purposes.
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